Abstract The SOXC group of transcription factors, composed of SOX4, SOX11, and SOX12, has evolved to fulfill key functions in cell fate determination. Expressed in many types of progenitor/stem cells, including skeletal progenitors, SOXC proteins potentiate pathways critical for cell survival and differentiation. As skeletogenesis unfolds, SOXC proteins ensure cartilage primordia delineation by amplifying canonical WNT signaling and antagonizing the chondrogenic action of SOX9 in perichondrium and presumptive articular joint cells. They then ensure skeletal elongation by inducing growth plate formation via enabling non-canonical WNT signaling. Human studies have associated SOX4 with bone mineral density and fracture risk in osteoporotic patients, and SOX11 with Coffin-Siris, a syndrome that includes skeletal dysmorphism. Meanwhile, in vitro and mouse studies have suggested important cell-autonomous roles for SOXC proteins in osteoblastogenesis. We here review current knowledge and gaps in understanding of SOXC protein functions, with an emphasis on the skeleton and possible links to osteoporosis.
Introduction
Osteoporosis is a highly prevalent bone disease, especially among the elderly [1] [2] [3] . Characterized by increased bone fragility, osteoporosis drastically increases the risk for morbid bone fractures. It typically develops due to imbalance arising between the bone-forming activity of osteoblasts and the bone-resorbing activity of osteoclasts. Major scientific progress has been made in recent years on multiple fronts of bone biology and pathology to identify the signaling pathways and master transcription factors that are instrumental in the regulation of these cells. Newly acquired knowledge has translated into new and improved therapeutic strategies, but the disease is still far from being completely under control. Further research is thus warranted to fully decipher all the nuts and bolts of how osteoblasts and osteoclasts acquire their lineage identity, differentiate, and balance their specific actions to ensure bone homeostasis and repair throughout life. This review focuses on the SOXC proteins and recent studies that have associated their genes with osteoporosis and characteristic skeletal morphology in humans. Key roles that have been proposed for these factors in skeletal progenitor/stem cells and osteoblasts through in vitro and animal studies are also discussed.
SOXC, a Unique Group Within the SOX Family
The discovery of SRY in the early 1990s was a major breakthrough, not only because it identified the gene defining the male sex-determining region on the Y chromosome, but also because it prompted uncovering of a whole family of essential regulatory genes, unique to the animal kingdom [4] [5] [6] [7] [8] . These genes encode transcription factors that govern cell fate determination in many lineages. They thereby allow the This article is part of the Topical Collection on Skeletal Development development of such critical entities as the cardiovascular system, the central and peripheral nervous system, the endocrine system, and of particular interest to this review, the skeletal system. These factors owe their SOX acronyms to a common, unique feature: an SRY-related high-mobility-group box-type domain. This domain mediates DNA binding, nuclear trafficking, and interactions with transcriptional partners and other regulatory proteins. Mammalian genomes possess twenty SOX genes. Based on sequence identity within and outside the SOX domain, SOX proteins are distributed into eight groups, A to H. For instance, SRY is a SOXA protein, while SOX2, a master regulator of pluripotent embryonic stem cells, is a SOXB protein. SOX9, a mandatory factor for chondrogenesis and multiple other processes, is a SOXE protein, whereas its chondrogenic partners, SOX5 and SOX6, are SOXD proteins. The SOXC group, highlighted in this review, is composed of SOX4, SOX11, and SOX12. The facts that the three proteins share unique structural features and that most invertebrates have only one SOXC-like member [9] strongly suggest that the mammalian SOXC proteins have arisen from a single ancestor. The three mouse and human proteins have conserved 84 % identity in the SOX domain, compared to only 45 to 67 % identity with SRY and other SOX proteins [10] . SOXC proteins avidly bind DNA in vitro to a SOX domain consensus motif (C A / T TTGTT) [10] [11] [12] , and genome-wide analyses have validated this motif as the preferential target site of SOX4 in developing B cells [13] and SOX11 in mantle cell lymphoma [14] . While having similar DNA-binding abilities, the mammalian SOXC proteins have evolved to activate transcription with differential forces. They share 67 % identity in their C-terminus, a transactivation domain that has no relatives in other proteins [10, 12] . Unique features in this domain allow SOX11 to be the most potent transactivator of the three proteins, and SOX12 to be the weakest one, at least in vitro. As described below, these molecular properties concur with overlapping expression patterns to endow SOXC proteins with in vivo roles that are unique among those of all SOX proteins.
SOXC, Decisive Factors in Progenitor Cells from Development to Disease
Studies carried out by various teams worldwide have revealed that the SOXC genes are broadly expressed in the embryo, but primarily in progenitor cells. These cells derive from all three germ layers and include neural cells, mesenchymal cells, pancreas progenitor cells, and pro-B and pro-T cells, to cite only a few [10, 12, [14] [15] [16] [17] . Gene inactivation studies in mice and other animal species have revealed vital roles for the genes in development. Sox4 −/− mouse embryos die at day 14 of gestation (E14) from outflow tract malformation, but do not appear to have other major defects [18] . Sox11 −/− mice are born alive, but succumb within a few hours [19] . Their heart has malformations that resemble those of Sox4 −/− embryos, but whose milder impact is lethal only upon birth. In addition, these mice lack a spleen and have underdeveloped internal organs, such as the lungs, stomach, and pancreas. Sox12 −/− mice, in contrast, appear normal throughout life [12, 20] . These single knockout studies have thus revealed that SOX4 and SOX11 exert at least some of their developmental functions in a non-reciprocal manner, whereas SOX12 lacks non-reciprocal functions. Interestingly, we found that Sox4 −/− Sox11 −/− mouse embryos die around E10, with severe heart malformation and a virtual block in organogenesis, and that SOXC triple-null embryos are slightly more affected [20] . Thus, SOX4 and SOX11 act in redundancy in multiple pivotal developmental processes and SOX12 does bring its share to SOXC functions. Gene conditional inactivation studies have revealed essential redundant roles for Sox4 and Sox11 in the progenitor cell types mentioned above and in others [17, [21] [22] [23] [24] [25] . In most of these studies, the SOXC proteins were shown to have a primary role in ensuring cell survival. No evidence was found that the proteins directly control cell differentiation programs, except in neurogenesis, where SOX4 and SOX11 were described to be directly involved in the activation of cell type-specific genes [26, 27] . The mechanisms whereby SOXC proteins support cell survival in development remain largely unknown. We proposed that SOXC proteins mediate their survival function by directly activating Tead2, a gene that encodes a transcriptional mediator of the HIPPO pathway, but our data also called for additional, complementary mechanisms to mediate this important SOXC function [20] . SOXC genes likely remain important in many physiological processes postnatally, but this has been demonstrated so far only in a few processes, namely T and B cell development [18, 28] and hippocampal neurogenesis [29] . In contrast, many studies have demonstrated high expression and critical roles of SOX4 and SOX11 in many types of human cancer [30-32, 33•] . While SOX4 and SOX11 expression was generally found to correlate with poor prognosis, as for instance in breast cancer [34] and acute lymphoblastic leukemia [35] , it has in a few instances been found to correlate with good prognosis, as for instance in ovarian cancer [36] and glioblastoma [33•, 37] . These studies have unraveled many possible molecular actions of SOXC proteins, including promotion of epithelial-to-mesenchymal transition [38] , and activation of genes essential in the AKT, p53, WNT, and NOTCH signaling pathways [35, [39] [40] [41] . Together, these studies indicate that SOXC proteins have central roles in a large spectrum of processes from early embryonic development to adult diseases. They achieve cell survival and other functions at least in part by activating genes involved in major intracellular and intercellular signaling pathways.
SOXC, Defining Boundaries, Articulation, and Growth of Endochondral Anlagen
The mammalian skeleton is composed of a few hundreds of individual elements that are most often connected by joints and that shape and protect the head, trunk, and limbs [42, 43, 44•] . Most elements develop through endochondral ossification, a process whereby skeletal progenitors first form cartilage anlagen and later replace them with bone. As cartilage structures develop, perichondrium and presumptive joint cells entertain active crosstalk with chondrocyte neighbors to define tissue boundaries and to coordinate cartilage growth and ossification. Skeletal elements forming most of the skull vault form through intramembranous ossification, a process whereby skeletal progenitors do not form cartilage anlagen, but build an osteoid extracellular matrix that they later mineralize. These elements grow through tissue apposition, as progenitor cells located in sutures actively proliferate and differentiate into osteoblasts. SOXC genes are avidly expressed in vivo in the mesenchymal progenitors of endochondral and intramembranous bones [10, 20, 45, 46, 47•] . They are then strongly downregulated in differentiating chondrocytes but remain robustly expressed in surrounding presumptive joint and perichondrium cells. Reproducing these findings in vitro, Sekiya and colleagues in the Prockop group reported that SOX4 is expressed in human bone marrow-derived mesenchymal stem cells and that its expression declines during chondrocyte differentiation [48] . SOXC gene inactivation in the mesenchymal precursors of appendicular skeletal elements (using a Prx1Cre transgene) or in the neural crest precursors of craniofacial skeletal elements (using a Wnt1Cre transgene) triggers cell death at a high rate, as seen in other types of progenitor cells [20] . We recently reported that surviving cells are able to undergo chondrocyte differentiation and form cartilage anlagen. Surviving perichondrium and presumptive joint cells are properly specified, but are unable to decline chondrogenesis, a defect that leads to massive fusion of cartilage anlagen [48] . Moreover, these cells are unable to entertain proper crosstalk with chondrocytes to induce cartilage growth plate formation and subsequent endochondral ossification [49•] . Using cell type-specific conditional inactivation strategies, we obtained data that strongly suggest that SOXC proteins are required cell-autonomously to secure the non-chondrocytic fate of perichondrium and presumptive joint cells and are required primarily non-cellautonomously to induce and organize cartilage growth plates. At the molecular level, we showed that SOXC proteins efficiently stabilize β-catenin by directly interacting with the protein in its destruction complex [48] . Through this nontranscriptional action, SOXC proteins synergize with canonical WNT signaling to downregulate Sox9 expression in perichondrium and presumptive joint cells and thereby to abort chondrogenesis of these cells. Our group and the Tabin group also proposed that SOXC proteins act as transcription factors in these cells to directly stimulate the expression of markers and signaling factors that critically control skeleton patterning and growth. For instance, the Tabin group suggested that SOX11 could upregulate the expression of the growth and differentiation factor-5 gene (Gdf5) in presumptive joint cells, favoring thereby articular cartilage development [46] . We proposed that SOXC proteins transactivate the gene for the non-canonical WNT5 ligand in perichondrium cells and thereby instrumentally contribute to cartilage growth plate formation and organization [49•] . Interestingly, as we were assessing the contribution of each SOXC gene to skeletogenesis, we discovered that SOX12 acted as a rheostat of SOX4/SOX11 actions [49•] . Its inactivation slightly worsened the phenotype of Sox4/ Sox11 mutant limb buds, implying that it adds a minor, but significant share to the powerful actions of its relatives in skeletal progenitors. In contrast, Sox12 inactivation improved rather than aggravated the cartilage growth plate phenotype of Sox4/Sox11 single and double mutants, implying that SOX12 refrains rather than supports the actions of its relatives in this specific developmental process. Using molecular assays, we showed that when SOXC proteins are present in limiting amount for a transactivation function, the contribution of SOX12 adds up to those of SOX4 and SOX11. In contrast, when SOXC proteins are present in excess amount, they compete with each other to gain access to gene targets. Being a relatively weak transcriptional activator, SOX12 then lowers the overall transcriptional effect generated by SOXC proteins.
Overall, these findings have newly uncovered that SOXC genes are critical regulators of endochondral bone development. Strikingly, their cell-autonomous functions in perichondrium and joint precursor cells are anti-chondrogenic, whereas their non-cell-autonomous functions are pro-chondrogenic, allowing perichondrium cells to induce growth plate chondrocyte maturation. It is possible, and even likely, that these studies have only unearthed a small fraction of SOXC actions in this process. For instance, as these studies have only analyzed embryos, it remains unknown how important SOXC genes are in postnatal growth plates and in the overt development and adult homeostasis of articular joints. Kan and colleagues observed that the SOX11 protein is expressed in articular cartilage in healthy adult mice, but that its level is reduced in this tissue upon induction of osteoarthritis [46] . This finding thus supports a role for this SOXC protein and possibly for its relatives in adult joint maintenance. At the molecular level, it can be anticipated that like other major regulators SOXC proteins fulfill transcriptional and non-transcriptional actions that span a wide spectrum. Further studies are thus warranted to fully decipher the actions of SOXC proteins in cartilage and joints as well as to uncover the mechanisms that regulate them at gene, RNA, and protein levels.
SOXC, Promoters of Bone Formation from Development to Adulthood
The first clue that SOXC genes could be important in the process of bone formation per se, independently of roles in endochondral skeletogenesis, was provided by the Wegner group, which showed that Sox11 −/− mice are born with undermineralized bones [19] . This defect was seen in both endochondral and intramembranous bones, but was most striking in the latter in the skull vault. A few years later, the Gautvik group showed that Sox4 +/− mice are osteopenic at both young and advanced adult ages [50] . These mice have thinner cortical and trabecular bones than control mice, and their bone formation rate is reduced, whereas their bone resorption rate appears normal. In 2011, this group provided evidence that SOXC genes may be important for bone formation not only in the mouse but also in humans [51] . Since osteoporosis, bone mineral density, and many bone phenotypic variances and diseases are compounded by genetic inheritance, this group conducted a genome-wide association study to newly identify susceptibility candidate genes for these diseases. This led them to uncover that SOX4 expression was significantly reduced in bone samples from osteoporotic Norwegian women compared to bones from healthy controls. SOX4 expression correlated not only with osteoporosis but also with bone mineral density at the level of hip and femoral neck, supporting the hypothesis that SOX4 is necessary for bone homeostasis throughout life. The same year, a research group led by Dr. Brown reported that single nucleotide polymorphisms (SNPs) within and around SOX4 showed moderate association with bone mineral density of the hip [52] . The cohorts of patients used by this group were different from that used by the Gautvik group, thus strengthening the possibility of a link between SOX4, bone mineral density, and osteoporosis. SOX11 and SOX12 have not been associated with any human adult skeletal disease yet, but de novo SOX11 heterozygous mutations were recently discovered in a fraction of patients born with the congenital disorder known as Coffin-Siris syndrome (CSS) [53•] . CSS is characterized by absence of the nails of the fifth fingers and toes, severe mental retardation, and features that, we predict, could directly or indirectly result from improper skeletogenesis [54] . These features include postnatal growth deficiency, microcephaly, brachymorphism, and facial dysmorphism. The SOX11 mutations causing CSS are located in the SOX domain and were shown to disrupt SOX11 DNA binding and hence transactivation. CSS in these patients is thus likely the result of SOX11 haploinsufficiency. Together, these animal and human studies support the notion that SOX4 and SOX11 are likely essential to promote bone formation from development to advanced adult ages.
SOXC and the Control of Osteoblastogenesis
While establishing invaluable links between SOXC genes and bone formation, the human and mouse studies described above did not inform on whether SOXC proteins cell-or non-cell-autonomously control bone-forming cells. Several groups have shown that the SOXC genes are expressed in osteogenic progenitors in the developing mouse and in bone marrow-or adipose-derived mesenchymal stem cells [10, 50, 55, 56•, 57•] . SOX11 expression was shown to be downregulated as osteoblasts differentiate, whereas SOX4 expression was shown to be either maintained or downregulated during this process. Such evidence supports the possibility of cellautonomous roles for SOXC proteins in osteoblasts and their progenitors, but does not prove it, especially when one considers the wide spectrum of expression of SOXC genes in vivo.
The Gautvik group was first to conduct in vitro studies supporting the proposition that SOX4 may directly control osteoblastogenesis [50] . Knockdown or heterozygous inactivation of mouse Sox4 in primary osteoblastic cells was found to reduce proliferation and delay differentiation of osteoblast progenitors. These data are consistent with the smaller fraction of bone surface occupied by osteoblasts that they detected in Sox4 +/− mice. A question that remains to be addressed is whether SOX4 is directly involved in the expression of osteoblast differentiation genes or whether its roles in cell proliferation or survival may secondarily affect the ability of progenitor cells to differentiate. While this group indicated that they found no sign that SOX4 promotes cell survival, we found that SOX4 and SOX11 combine efforts to promote the survival of osteoblast progenitors in vivo as well as in primary cultures [20] . It is possible that the Gautvik group did not observe cell death in their study because they inactivated Sox4 only partially and did not manipulate Sox11 expression.
More recently, the Lim group conducted in vitro experiments to help address the question of the involvement of SOX11 in osteoblastogenesis [56•] . In agreement with our previous findings in vivo and in primary cells [20] , this group showed that knockdown of Sox11 in the mouse MC3T3-E1 osteoblastic cell line or in the mouse C3H10T1/2 mesenchymal cell line led to reduced cell numbers, likely because of increased cell death and at least in part because of Tead2 downregulation. In agreement with findings from the Gautvik group for SOX4 [50] , the Lim group observed a significant delay in osteoblast differentiation of Sox11-deficient mesenchymal cells. Through chromatin immunoprecipitation and reporter assays in vitro, they suggested that SOX11 might be directly involved in upregulating the genes for the osteoblast master transcription factors RUNX2 and OSX. Genomewide and complementary assays in vivo will be necessary to validate these interesting findings. Choi and colleagues in the Kim group recently added a new component to our nascent understanding of SOXC-regulated osteoblastogenesis [57•] . Studying the ability of mouse adipose-derived mesenchymal stem cells to undergo osteoblast differentiation in vitro, this team uncovered that downregulation of Sox11 was necessary to allow this process to occur efficiently. This conclusion was drawn from results obtained using both gain-of-function and loss-of-function approaches to manipulate Sox11 expression. Furthermore, by forcing the expression of SOX11 chimeric proteins harboring a potent VP16 transactivation domain or an engrailed transrepression domain, this group proposed that SOX11 actively promotes expression of genes antagonizing osteoblast differentiation. We previously showed that SOXC proteins promote canonical WNT signaling in skeletogenic progenitors through non-transcriptional actions. As the latter pathway is highly conducive for osteoblastogenesis, it will be interesting in future studies to discern between permissive and non-permissive actions of SOXC proteins in osteoblastogenesis as well as to discern between transcriptional and nontranscriptional actions. It will also be important to determine whether SOX12 contributes to osteoblastogenesis and, last but not the least, to validate in vitro findings in vivo. Towards this end, the Guo group recently isolated rat mesenchymal stem cells from bone marrow and transduced them with lentiviruses to force SOX11 overexpression [58•] . The group reported that this strategy significantly enhanced the ability of mesenchymal stem cells to differentiate into osteoblasts, chondrocytes, and adipocytes in vitro, to generate bone in a subcutaneous ectopic assay in the rat, as well as to heal an open femur fracture in vivo. Although the authors showed data that suggest that SOX11 might directly stimulate expression of such important genes for cell differentiation as Runx2, it remains possible, as discussed by the authors, that SOX11 might confer these important advantages primarily by promoting mesenchymal stem cell survival.
Conclusions
Commendable efforts by many teams of basic and clinician scientists over the world have started to provide solid and exciting evidence that SOXC proteins comprise a group of unique, essential regulatory factors in many processes. Expressed mainly in multipotent progenitor cells, these proteins encourage cell survival and also have, at least in several lineages, differentiation and other roles. They act both as transcriptional activators and as protein-interacting factors and they can thereby decisively modulate pivotal intracellular and intercellular signaling pathways. As of today, it is clear that SOXC proteins have chief roles in endochondral and intramembranous skeletogenesis, and that they may also be implicated in bone formation throughout life in mice and humans. These emerging findings motivate further studies to fully uncover the importance, the precise cellular and molecular actions, and the modes of regulation of SOXC proteins in the skeleton from early to advanced ages and in both physiological and disease processes. As new knowledge becomes available, we predict that SOXC proteins, their downstream mediators or their upstream regulators may become key targets in novel strategies to improve the prevention and treatment of osteoporosis as well as many other skeletal and nonskeletal diseases.
